Simplification and retraction of podocyte protrusions, generally termed as foot process effacement, is a uniform pathological pattern observed in the majority of glomerular disease, including focal segmental glomerulosclerosis. However, it is still incompletely understood how the interaction of cortical actin structures, actomyosin contractility and focal adhesions, is being orchestrated to control foot process morphology in health and disease. By uncovering the functional role of fermitin family member 2 (FERMT2 or kindlin-2) in podocytes, we provide now evidence, how cell-extracellular matrix (ECM) interactions modulate membrane tension and actomyosin contractility. A genetic modeling approach was applied by deleting FERMT2 in a set of in vivo systems as well as in CRISPR/Cas9 modified human podocytes. Loss of FERMT2 results in altered cortical actin composition, cell cortex destabilization associated with plasma membrane blebbing and a remodeling of focal adhesions. We further show that FERMT2 knockout podocytes have high levels of RhoA activation and concomitantly increased actomyosin contractility. Inhibition of actomyosin tension reverses the membrane blebbing phenotype. Thus, our findings establish a direct link between cell-matrix adhesions, cortical actin structures and plasma membrane tension allowing to better explain cell morphological changes in foot process effacement.
Introduction
The glomerular filtration barrier constitutes one of the most complex and yet efficient homeostatic systems in vertebrates [1] . The filter itself is composed of glomerular endothelial cells and podocytes, specialized epithelial cells, which both are connected to a mutual basement membrane (glomerular basement membrane -GBM) [2, 3] . The relevance of the glomerulus as a structural and functional unit of the kidney is underlined by the fact that glomerular diseases (e.g. focal segmental glomerulosclerosis) present a major factor in the development of chronic kidney disease [4] . Hereby, podocytes as post-mitotic cells with only limited capacity for regeneration are at center stage, since these cells have to balance their complex cyto-morphological architecture with mechanophysical requirements [5] [6] [7] . Hereditary forms of glomerulosclerosis helped to understand the importance of a balanced podocyte actin cytoskeleton as well as efficient adhesion towards the GBM [8, 9] . Despite relevant progress in the understanding of glomerular disease mechanisms, it is less clear, which morphogenetic programs control the specific cellular architecture of podocytes and which instructive role cell adhesion signaling plays in this context.
FERMTlinks cortical actin structures, plasma membrane tension
Previous work could demonstrate that alteration of cell adhesion as well as composition of the GBM result in progressive podocyte damage and consecutive development of glomerular disease [10, 11] . Remarkably, a unifying hallmark of podocyte pathology is the overt simplification of cellular morphology characterized by retraction of cellular protrusions generally termed as foot process effacement (FPE) [12] . However, it is less clear how membrane dynamics and the stability of the cellular cortex are involved in the maintenance of podocyte morphology as well as FPE.
Based on a model that the interplay between extracellular matrix (ECM) -adhesion, actomyosin contractility and the cortical actin cytoskeleton define cellular morphology, we aimed to develop a model to predict morphogenetic responses of podocytes. By the use of quantitative proteomics as well as CRISPR/ Cas9 genome edited cell models we identified the critical role of the fermitin family member 2 (FERMT2) for the equilibrium of internal cytoskeletal compartments. Employing two independent in vivo models functionally confirmed the relevance of FERMT2 for podocyte functions. Remarkably, loss of FERMT2 in podocytes resulted in pronounced formation of membrane blebbing indicating cell cortex destabilization. Re-distribution of actin filaments and increased actomyosin tension were identified as underlying mechanisms for cell cortex destabilization and membrane blebbing. These findings indicate a competition mode between ECM-adhesion and the cortical cytoskeleton for the coupling and transmission of actomyosin tension influencing podocyte morphology and function.
Results

Impaired adhesion results in destabilization of cortical actin structures and membrane blebbing
Glomerular epithelial cells reside on a complex glomerular basement membrane (GBM) mainly composed of collagen alpha IV and laminin 521 ([13]- Fig. 1a, b) . By interaction of a selective array of integrin based adhesion receptors (focal adhesions -FAs) with the GBM, podocytes sense mechanophysical signals and generate required adhesion to withstand continuous filtration forces. Alterations of the GBM composition (e.g. Alport's syndrome) result in a uniform morphogenetic response with simplification of podocyte processes, generally termed as foot process effacement ([6]- Fig. 1c ). Ultimately this pathological cascade culminates in progressive cell rounding and detachment of podocytes from the GBM, which is accepted as the decisive factor in glomerular scarring and development of chronic kidney disease [13] . Based on these observations, we hypothesized that ECM and FA interactions are critically involved in generating instructive signals for podocyte cortical actin maintenance and morphology. Remarkably, we observed a prominent change in cell shape as well as cytoskeleton architecture when we compared uncoated culture surfaces with either laminin or collagen IV pre-coated conditions ( Fig. 1d ). Instead of lamellipodial protrusions, podocytes on uncoated or low adhesive surfaces exhibited a rounded cell morphology accompanied by the evolvement of numerous cortical membrane blebs ( Fig. 1d, e ). Furthermore, the internal actin cytoskeleton showed a pronounced remodeling characterized by a dense subcortical F-actin ring ( Fig. 1e-h ) in contrast to a stress fiber dominated cytoskeleton in cells cultured on coated surfaces ( Fig. 1d-1 and d-2). These findings indicated that indeed ECM mediated signals influence the architecture of the actin cytoskeleton and thereby affect cell morphology. To model impaired FA signaling we generated individual knockout clones employing CRISPR/Cas9 genome editing technology for the FERM-domain protein fermitin family member 2 (FERMT2 - Fig. 1i and j). FERMT2 is a well characterized modulator of integrin-β1 function [14] , and further validation approaches using quantitative proteomics and immunofluorescence staining confirmed highly enriched expression for FERMT2 within the podocyte compartment (Figs. S1 and S2). In fact, filtering of proteomics data sets of isolated primary podocytes for adhesome (proteins linked to focal adhesion receptors) and cortical actin proteins revealed overlapping expression patterns for FERM-domain proteins (Fig. S1 ). Within this in vivo data set we could detect FERMT2 as a component of the podocyte adhesome ( Fig. S1 ). Also, immunofluorescence staining (human kidney samples and primary podocytes) as well as western blot experiments could validate the enriched expression pattern in podocytes and FA sites ( Fig. S2 ). Two isogeneic FERMT2 knockout clones were generated by using two individual CRISPR/Cas9 guide-RNAs (gRNAs) in podocytes. FERMT2 knockout efficiency was confirmed by Sanger sequencing and western blot experiments ( Fig. 1j, k) . By immunofluorescence only a minor residual staining in a perinuclear pattern could be detected, furthermore corroborating the predominant localization pattern of FERMT2 at focal adhesion sites ( Fig. 1l, m ). Both knockout clones showed marked differences in focal adhesions (FAs) when compared to respective wild type clones: Knockout clones were characterized by only small FAs accompanied by a reorganized internal actin cytoskeleton (Fig. 1n , o and Fig. S3 ). Interestingly, the overall levels of FA proteins were only modestly affected as evaluated by western blot experiments, where we only detected decreased total levels of ITGB1 and ZYXIN ( Fig. S3 ). Decreased total FA area as well as FA number functionally correlated with impaired cellular adhesion of knockout clones on various ECM substrates ( Fig. S3 ), indicating that the quality of the ECM composition could not override the role of FERMT2 for efficient adhesion. Also, single cell migration experiments revealed that the loss of FERMT2 impairs dynamic cellular functions as respective knockout clones exhibited a deficit in migration velocity compared to wild type clones ( Fig. S3 ). These observations were furthermore corroborated by two independent in vivo models: suppression of FERMT2 homologs in either drosophila nephrocytes or the zebrafish pronephros resulted in a pronounced impairment of the respective kidney function and proteinuria in the zebrafish model ( Fig. S4 ).
FERMT2 prevents destabilization of the cell cortex and generation of plasma membrane blebs
Further detailed analysis revealed that both FERMT2 knockout clones showed marked changes in their cellular morphology characterized by the presence of numerous membrane blebs, recapitulating our earlier findings of podocytes seeded on uncoated or low-adhesive surfaces (Figs. 2a and 1d, e). Live cell imaging demonstrated that these plasma membrane blebs were generated at a high and continuous rate, where the initial phase presented a spontaneous membrane bulging, propulsion and delamination, followed by rapid retraction of the bleb ( Fig. 2a and Movie S1). Employing F-actin reporter constructs we could observe that increasing F-actin recruitment to the bleb cortex was correlating to the bleb retraction phase ( Fig. 2b , Movie S2). In addition to the prominent, F-actin containing bleb front, FERMT2 knockout cells were also characterized by an apically localized F-actin ring, indicative of a highly contractile status ( Fig. 2c ). Also, this finding showed similar features to cells cultured on low-adhesive or uncoated surfaces ( Fig. 1h ). Remarkably, comparison of individual bleb size as well as number of blebbing cells demonstrated that the loss of FERMT2 amplifies this phenotype much more than maintaining wild type cells in low adhesive regimens (Figs. 2d, e and 1f, g). Neither the use of different ECM components nor different concentrations had a significant impact on the number of blebbing cells ( Fig. 2f ), whereas decreased matrix stiffness showed at least a gradual influence ( Fig. 2g ). Experiments employing 3D culture conditions demonstrated that the blebbing phenotype in FERMT2 knockout cells is not restricted to 2D culture ( Fig. 2h , i). Moreover, the observation of pronounced cortical membrane blebbing under floating culture conditions in knockout cells indicated a potential FERMT2 dependent mechanism propagating destabilization of the cell cortex ( Fig. 2j, k ). Altogether these results demonstrated that loss of FERMT2 function results in a prominent effect on cellular morphology and the cortical actin cytoskeleton. To gain a global overview of FERMT2 dependent effects, we employed quantitative SILAC-based proteomics. Filtering for adhesome as well as cortical actin cytoskeleton components in wild type and respective knockout cells showed marked changes on filamin A (FLNA) and coronin 1c (CORO1C) as well characterized proteins of the cortical actin cytoskeleton ( Fig. 2l-n) . These findings suggest that the morphological switch upon loss of FERMT2 is paralleled by responses in the composition of the cortical actin cytoskeleton.
The actin and integrin-binding domains of FERMT2 influence plasma membrane stability in podocytes
To evaluate the specificity of the observed phenotype we performed rescue experiments employing a set of epitope tagged versions of FERMT2. Here, we observed that expression of FERMT2 in respective knockout clones resulted in re-localization of FERMT2 towards FA sites and formation of mature FAs (Fig. 3a, b ). Using tagged versions of FERMT2 in life imaging experiments showed FERMT2 was predominantly detectable in a typical FA localization pattern ( Fig. 3c ). Expression of FERMT2 or FERMT3 in a FERMT2 null background resulted in a nearly complete reversal of the membrane blebbing phenotype ( Fig. 3d and Fig. S5 ) accompanied by a normalized cellular morphology and assembly/formation of FAs ( Fig. 3e-g ). In addition, these structural changes were also followed by restoration of functional deficits such as cellular migration (Fig. S5 ). As previous work described essential functional domains within FERMT2, we used a set of inhibitory point mutations as well as truncations to identify relevant protein domains ( Fig. 3h ). Truncations affecting the F0 as well F3 domain did not cause any rescue effects when compared to full length FERMT2 ( Fig. 3i ). By employing selective point mutations we could furthermore narrow down that the actin binding site and even more pronounced the integrin binding site are highly relevant for the stabilization of the cortical actin cytoskeleton ( Fig. 3i -k and Fig. S5 ). In contrast, point mutations interfering with the binding site of integrin-linked kinase (ILK) had no impact on the phenotype (Fig. 3i -k). Based on these observations cortical actin stability appears to be linked to efficient integrin based signaling and to a lesser extent to FERMT2 mediated actin binding.
FERMT2 regulates the activity of the actomyosin cytoskeleton
Given the overall rounded cellular morphology of FERMT2 knockout cells we analyzed distribution and activity of the actomyosin cytoskeleton. The motor proteins myosin-2a and myosin-2b (MYO-2A and MYO-2B) showed in wild type cells a prominent co-localization with stress fibers and a diffuse, speckled pattern in lamellipodia ( Fig. 4a ). In contrast, FERMT2 knockout cells were characterized by MYO-2A and MYO-2B in a circumferential distribution ( Fig. 4b , e, f). Phosphorylated myosin light chain (p-MLC) is widely used as an indicator for actomyosin cytoskeletal activity. Accordingly, we observed intense signals for p-MLC in FERMT2 knockout cells showing similar localization patterns such as MYO-2A ( Fig. 4c, d , g). These findings were furthermore corroborated by rescue experiments employing full length constructs for FERMT2 and FERMT3, which resulted in signal qualities as observed in wild type cells ( Fig. 4e -g and Fig. S6 ). We also evaluated GTPases upstream of the actomyosin cytoskeleton and could detect increased activities of RhoA, whereas Rac1 levels did not exhibit significant altered levels between wild type and knockout cells ( Fig. 4h-j) . Overall, our observations indicated that FERMT2 knockout cells were in a state of continuous hyper-contractility, which was also obvious in life imaging studies focusing on the turnover of membrane blebs (Fig.  4k ). Here, cortex blebs of FERMT2 knockout cells showed a semi-periodical oscillation correlating with cyclic cell perimeter shrinkage and expansion ( Fig. 4k , l, Movie S3). Altogether these data indicate that loss of FERMT2 function resulted in hyper-contractility of the actomyosin cytoskeleton in podocytes. 
FERMT2 dependent regulation of cortical actin stability is mediated by actomyosin activity
In order to test whether the increased actomyosin contractility is directly related to the prominent destabilization of the cortical actin we employed the myosin-2 inhibitor blebbistatin. Remarkably, inhibition of myosin-2 activity in FERMT2 knockout cells was able to induce a phenotypical switch from membrane blebbing towards continuous ruffling (Fig. 5a, b and Movie S4). Furthermore, we could demonstrate by the use of the ROCK-kinase inhibitor Y27632 acting upstream of the myosin-2 effector proteins that a RhoA dependent signaling cascade is involved in the blebbing phenotype (Fig. 5c ). As lamellipodia generation and membrane ruffling are 8 FERMT2 links cortical actin structures, plasma membrane tension processes highly dependent on the activity of the Arp2/3 complex, we performed co-treatments using inhibitory compounds of the Arp2/3 complex (CK869) in combination with blebbistatin. This approach resulted in a marked reduction of the blebbing cell fraction, but at the same time also prevented the phenotypic switch towards membrane ruffling indicating an essential requirement for the Arp2/3 complex in this context ( Fig. 5c and Fig. S7 ). The phenotypic switch from a blebbing towards a membrane ruffling morphology was also paralleled with an increase in cell size (again dependent on the Arp2/3 complex activity - Fig. 5d ). Kymographic analyses of membrane activity showed that cellular blebbing and ruffling still exhibited much higher dynamics compared to wild type cells, but inhibition of myosin-2 activity lowered the membrane oscillatory rate in FERMT2 knockout cells (Fig. 5e, f) . This observation suggests that the activity level of the actomyosin cytoskeleton is a critical factor for the cortical actin stability, but obviously does not completely reset underlying high cytoskeletal dynamics. Employing F-actin reporter constructs and live imaging showed that the evolvement of membrane blebs follows an autonomous repetitive cycle, where F-actin is recruited to the bleb cortex, followed by condensation and retraction back towards the outer cellular border. Here, compaction of different F-actin containing lamellae counteracts the intracellular pressure, but finally shifts into further delamination and generation of new membrane blebs ( Fig. 5g-k) . In line with our previous rescue experiments treatment with blebbistatin resulted in a normalization of p-MLC signal, whereas MYO-2B and F-actin were unaffected ( Fig. 5l-m, Fig. S7 ). Modulation of either the intracellular pressure under hyperosmolar culture conditions supported these conclusions, as membrane blebbing was drastically reduced in FERMT2 knockout cells ( Fig. S8 ). Furthermore disruption of the cortical actin cytoskeleton resulted also in wild type cells in the formation of plasma membrane blebs (Fig. S8 ). Together these observations indicated that blebbing and membrane ruffling might present two phenotypic states of cortical actin destabilization.
Loss of FERMT2 impairs internal actin cytoskeleton architecture independent of actomyosin contractility levels
Using long-term live cell imaging we observed that in a proportion of FERMT2 knockout cells a spontaneous switch between either blebbing or membrane ruffling occurred ( Fig. 6a and Movie S5). Analysis of the cytoskeletal architecture in both phenotypic states showed that loss of FERMT2 results in redistribution of F-actin based internal stress fibers (Fig. 6b ). While wild type cells contain a regularly organized and polarized stress fiber cytoskeleton, mostly connecting two mature focal adhesions ( Fig. 6b-3 ), FERMT2 knockout cells show only very thin and multi-orientated fibers (Fig. 6b-2 ). Of note, F-actin containing fibers in FERMT2 knockout cells are not spanned between two mature FAs, but insert in a circumferential arc zone generating multiple interaction nodes ( Fig. 6b-2, d) . Detailed quantification showed that only up 40% of respective knockout cells present with this spontaneous morphological switch for a 6 h observation period (Fig.  6c) . These findings support a concept that disrupted FA signaling results in a morphological continuum: one extreme is characterized by a completely destabilized cell cortex (membrane blebbing) whereas spontaneous transition to a minimally organized internal cytoskeleton is possible (membrane ruffling). By lowering actomyosin tension this phenotypic transition can be facilitated (Fig. 5c ). To evaluate the functional consequence of the observed phenotypic switch we performed single cell migration experiments with FERMT2 knockout and wild type cells after pre-treatment with the ROCK-kinase inhibitor Y27632 ( Fig. 6e-g) and observed that treated knockout cells showed a prominent ruffling phenotype (also comparable to blebbistatin treatment - Fig. 5c ) and a highly dynamic, pro-migratory behavior. However, quantitative analysis of cell speed and migration tracks demonstrated that treated knockout cells exhibited an inefficient migration mode characterized by unaffected cell displacement vectors (Fig. 6e, f) . These observations indicate that lowering actomyosin contractility refines membrane dynamics, but does not contribute to efficient assembly or turnover of focal adhesions, which are required for directional migration. This suggests that actomyosin tension is crucially required for the stabilization of the cortical actin, but cannot completely replace the missing template of an intact stress fiber containing cytoskeleton in FERMT2 knockout podocytes.
FERMT2 links cortical actin structures, plasma membrane tension
Discussion
Cellular morphology is tightly coupled to cell and context-dependent requirements, where morphogenetic adaptations are integrating physical cues, developmental transcriptional programs or biochemical signaling cascades [15, 16] . Podocytes present in this context a perfect example as their octopus-like cell shape enables enclosing of glomerular capillaries and promotes the establishment of the filtration barrier [17, 18] . There is still an ongoing debate whether podocyte foot processes are highly dynamic or static [19, 20] , but it is an accepted concept that retraction and simplification of those structures is a uniform hallmark of any podocyte damage [12] .
Here, we observed that modulation of efficient cellular adhesion directly impacts the architecture of the internal cytoskeleton and concomitantly cell shape of podocytes characterized by pronounced membrane blebbing ( Fig. 1) . Blebbing is generally accepted as a mainly hydrostatic pressure driven process in contrast to actin-polymerization linked formation of lamellipodia [21] . Two underlying causative factors were so far described as prerequisites for the generation of membrane blebs: a local decrease in the membrane/ cortical actin attachment or even a rupture in the cell cortex [22, 23] . In general podocyte foot process effacement is characterized by simplification of cellular protrusions and a reorganization of the internal actin cytoskeleton [24] . Only very recently it was also shown that bleb-like microprojections occur during this morphogenetic transformation supporting the concept of altered plasma membrane dynamics as an underlying mechanism of foot process effacement [19, 25] . Based on those observations we reason membrane blebbing as a surrogate for podocyte cell cortex stability and dynamics.
More recently a series of studies focused on the role of membrane blebs in the context of amoeboid migration. Here, it was demonstrated that conditions of low adhesion and high confinement are necessary requirements to induce a phenotypical switch from an overall mesenchymal to an amoeboid morphology (termed as MATmesenchymal-amoeboid transition - [26, 27] ). Also previous studies made similar observations employing the model of Walker carcinosarcoma cells, which spontaneously show transitions between both morphologies [27] . Based on this seminal work and more recent studies a conceptual framework was developed integrating adhesion, contractility and protrusion as decisive factors of migratory modes [26, 28] . Perturbation of those parameters leads to reciprocal impact on the others and finally mediates transitions between respective phenotypes. In contrast to the aforementioned studies, loss of FERMT2 resulted in a nearly circumferential appearance of membrane blebs, which showed individual high volumes and even piled morphologies ( Figs. 1 and 2) . Interestingly, even in conditions of low adhesion FERMT2 knockout cells presented with a higher proportion of blebbing cells, indicating that FERMT2 mediated functions inherently modulate this phenotype (Fig. 2) . In line with this assumption our proteomic studies revealed a specifically perturbed composition of cortical actin associated proteins such as FLNA or CORO1C, whereas other factors such as the Arp2/3 complex were unaffected ( Fig. 2 and Dataset S2). Taken together these observations indicate that FERMT2 exerts additional functions to its known role as an activator of integrin receptor function [29, 30] . FERMT2 belongs to the evolutionarily conserved kindlin protein family, encompassing kindlin-1 (also known as FERMT1 or kindlerin) and kindlin-3 (also known as URP2), which exhibit all an identical domain composition and architecture [31] . A unifying structural feature of all FERMT-proteins is the presence of the FERM-domain that is in contrast to other FERM-domain proteins localized at the C-term [14] . Whereas FERMT1 and 2 show a widespread, yet not identical expression pattern, FERMT3 is exclusively detected in haematopoetic tissues [32] . Loss of FERMT1 in humans causes the Kindler syndrome characterized by congenital skin blistering and various affections of the oral mucosa [33] . While the cytoskeletal architecture in both phenotypic states showed that loss of FERMT2 resulted in a pronounced redistribution of F-actin based internal stress fibers. Knockout cells with a membrane ruffling phenotype showed a prominent actin arc with multiple connection nodes (white circles). In contrast, wild type cells contained a regularly organized and polarized stress fiber cytoskeleton, mostly connecting two mature focal adhesions (cells were cultured on glass coverslips and stained for F-actin). (c) Quantification showed that only up to 40% of respective knockout cells presented with a spontaneous phenotype switch during 6 h of observation. Analysis of the ruffling mode of phenotype switching cells revealed membrane blebbing as the predominant phenotype mode for most of the phenotype switching cells (n = 3 independent experiments with at least 30 cells per experiment were analyzed; for membrane ruffling time 27 phenotype switching KO cells were sup-analyzed; cells were cultured on ibidi treat μ-dishes for 18 h before observation). all FERMT proteins share a high similarity in the composition of their domain structure, the respective binding partners differ [31] . To validate the specificity of our observations we made use of a set of truncations and functional point mutations (Fig. 3) .
Here we observed that the recently identified actin binding domain of FERMT2 (F0) as well as the integrin binding domain F3 is crucially involved in the generation of membrane blebs (Fig. 3) . Whereas expression of full length FERMT2 reintroduced mature FAs and an orchestrated internal cytoskeleton, mutations affecting F0 and F3 did not affect the blebbing phenotype (Fig. 3) . Remarkably, also the allo-expression of FERMT3, usually only present in haematopoetic cells without regularly organized bona-fide FAs, also restored the internal cytoskeleton and reversed the blebbing phenotype. In accordance with the concept of adhesion, contractility and protrusion as critical factors determining morphology, re-introduction of FERMT2 based FA templates presents a minimal basis for membrane and morphology stabilization.
Aside from adhesion as a critical factor, previous work also identified global tension levels and contractility as critical parameters in the generation of membrane blebs [28] . Accordingly, we also observed in conditions of FERMT2 knockout cells increased activation levels of the actomyosin machinery ( Fig. 4) . Moreover, inhibition of myosin-2 activity or even blockage of upstream ROCK-kinase diminished the blebbing phenotype and induced a phenotypical switch towards highly dynamic membrane ruffling (Fig. 5 ). In general, the internal cytoskeletal architecture of 2D-cultured cells is dominated by ventral and dorsal stress fibers, as well as transversal arcs [34, 35] . Ventral stress fibers connect two mature FAs and generate tension through their association with myosin-2 motor proteins. In contrast, dorsal stress fibers are only linked to one FA, whereas transversal arcs do not show any discernible connection to FAs at all [35] . Remarkably, FERMT2 knockout podocytes exhibited an overall reorganized internal cytoskeletal architecture characterized by a loss of ventral stress fibers and dominant formation of transversal arcs and interconnecting nodes (Fig. 6 ). The coinciding dramatic shift towards decreased cellular size feeds into increased tensional levels just beneath the cortex (Fig. 4) . Interestingly, similar observations were only recently made employing super resolution microscopy where a myosin-2 containing sarcomere-like network was detected in effaced podocyte foot processes [24] . Together with previous studies these findings support the idea of increased actomyosin activity and tension in conditions of podocyte damage accompanied by destabilized membrane dynamics [19, 36] .
Given the profound in vivo phenotypes in our animal models ( Fig. S4) and recent reports about the Fermt2 podocyte specific knockout mouse [37] , FERMT2 emerges as a prerequisite for normal podocyte function. Furthermore, based on our observations we would propose a model where FA/ECM signaling and composition serves as an integral template for the cytoskeletal architecture of podocytes. Any impairment of FA function will result in an acute re-organization of the cytoskeleton and concomitant increase of intracellular contractility. Together these processes will culminate in the destabilization of the cortical cytoskeleton and might feed into morphogenetic alterations as seen in podocyte foot process effacement in glomerular disease.
Experimental procedures Drosophila model and zebrafish
RNAi knockdown of the FERMT2 ortholog Fit1(CG14991) was performed in Drosophila nephrocytes as described before [38] . The RNAi line 46494/GD was used (Fit1 shows highest similarity to human FERMT2). Pulsed FITC-Albumin uptake assay and anti-Kirre 126i immunofluorescence staining was performed as described before [38] .
In vivo studies in zebrafish
Zebrafish were grown and mated at 28.5°C. Larvae were kept and handled in standard E3 solution as previously described [39] . Microinjection of splice donor fermt2-MO (150 μM and 200 μM) and Ctrl-MO (200 μM) was performed in fertilized zebrafish eggs at the one to two cell stage as previously described [40] . The sequence of the morpholinos was 5′TGCTCCCTGAAATGAAAGATGTCCA3′ for fermt2-MO, and 5′CCTCTTACCTCAGTTACAATT-TATA3′ for Ctrl-MO. To confirm that the observed zebrafish edema phenotype was caused by damage of the glomerular filtration barrier we used a transgenic zebrafish that expresses a fluorescent Vitamin D binding protein (Tg-l-fabp:DBP:EGFP) (gift from Anand-Apte Cleveland, OH [41] ). The maximum fluorescence intensities of grayscale images of the pupil of the fish were measured using Image J (Version 1.48 Wayne Rasband National Institutes of Health, USA) and reported in relative units of brightness. A detailed description of the eye assay can be found in Hanke et al. [40, 42] . Zebrafish experiments were approved by the Mount Desert Island Biological Laboratory (MDIBL) animal care committee (protocol# 0804).
Antibodies
All antibodies used in this study are collectively described in Supplemental Dataset S3.
Cell culture
Conditionally immortalized human podocytes were kindly provided by M. Saleem (University of Bristol, UK). Isolation of primary mouse podocytes and tubular cells was performed as previously described (all studies for the isolation of primary podocytes were approved by local authorities -X-15-02F) [43] . Cells were cultured at 33°C in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS), Penicillin/ Streptomycin, ITS and non-essential amino acids. To induce differentiation, podocytes were cultured at 37°C for 10 to 14 days. ECM coated cell culture surfaces were coated with collagen IV (50 ng/μl, Sigma, Germany), fibronectin (50 ng/μl, Corning, Germany) or laminin (50 ng/μl, Sigma, Germany) for 1 h. For poly-HEMA (2-hydroxyethyl methacrylate) coating, cell culture dishes were coated with 6 mg/ml poly-HEMA in 95% ethanol over night at 37°C. Floating cells on poly-HEMA coated surfaces were analyzed 1-2 h after seeding. Analysis of cells on non-coated surfaces and control ECM coated surfaces was performed 1 h after seeding. For 3D environment analysis, cells were cultured in Matrigel (Corning, Germany) according to manufacturer's instructions. Ibidi glass μ-dishes or 15 kPa ESS μ-dishes (Ibidi, Germany) were used to analyze podocytes on different substrate stiffness. Treatment experiments with the myosin-II inhibitor blebbistatin (Sigma, Germany), the ROCK inhibitor Y-27362 (Sigma, Germany), the Arp2/3 inhibitor CK869 (Sigma, Germany), the formin inhibitor SMIFH2 (Sigma, Germany) or the actin polymerization inhibitor Cytochalasin D (Sigma, Germany) were performed as indicated in the respective figure legends. To assay the impact of increased medium osmolarity on cellular blebbing, cells were cultured in sucrose supplemented culture medium for 30 min.
Immunofluorescence staining
Immunofluorescence staining of cultured human immortalized podocytes and frozen kidney sections was performed as described previously [43] . In brief, podocytes were cultured overnight on Ibidi μ-dishes (Ibidi, Germany) or 8-well chamber slides (Ibidi, Germany) or glass coverslips coated with collagen IV. Fixation was performed in 4% paraformaldehyde in PBS for 10 min. Fixed cells were permeabilized using 0.1% Triton X-100 and blocked with 5% BSA for 1 h at room temperature. Primary and secondary antibodies were diluted in 5% BSA and incubated for 60 min or 45 min respectively. A Zeiss Axioscope 40FL microscope and LSM510 confocal microscope (Carl Zeiss, Oberkochen, Germany) were used for image acquisition. To analyze cortical fluorescence intensities, representative line scans were taken across the cell border. The plot profile tool of Fiji NIH ImageJ 1.46 was used for line scan measurements. A similar protocol was used for immunofluorescence studies on frozen kidney sections [43] . Use of human kidney samples from unaffected areas of tumor nephrectomies was approved by the Scientific-Ethical Committee of the University Medical Center of Freiburg.
CRISPR/Cas9 mediated generation of FERMT2 knockout clones
To generate FERMT2 KO podocytes the CRISPR/ Cas9 genome editing technology was employed. gRNAs were designed targeting exon1 and 5 of human FERMT2 using a web-based design tool (e-crisp.org -http://www.e-crisp.org/E-CRISP/) (guide RNAs: 5′TGGAGGCGTGATGCTTAAGCTGG3′, 5′ CCTGGTATACTTGCTGTCAGTCA3′). gRNAs were subcloned in targeting vectors with an OFP reporter according to manufacturer's instructions (gene-art, Invitrogen, Germany). Immortalized human podocytes were transfected via electroporation, OFP positive cells were selected via FACS sorting and isogenetic clones were generated. Knockout of FERMT2 was confirmed by Sanger sequencing and by standard SDS-polyacrylamide gel electrophoresis based western blotting of these clones. Only clones with homozygous mutations resulting in premature stopcodons were used, non-mutated clones were used as controls.
Analysis of focal adhesion morphology
Measurement of focal adhesion morphology was performed as described previously [43] . In brief, human immortalized podocytes were cultured on collagen IV coated glass coverslips and stained for the focal adhesion component PAXILLIN. Fluorescence images of anti-PAXILLIN stained cells were taken using a Zeiss Axioscope 40FL microscope, equipped with a 63× objective. Evaluation of focal adhesion size and distribution was performed with a custom written macro embedded in NIH Fiji ImageJ 1.46.
Singe cell migration assay
Podocytes were cultured on ibidi tread μ-dish (ibidi, Martinsried, Germany) for 12 h before analysis. Time lapse imaging of podocyte single cell migration was performed using a Nikon Biostation IM device (Nikon, Düsseldorf, Germany). Cells were observed for 12 h. For Y27632 treatment experiments, cells were pre-incubated with 15 μM Y27632 for 30 min and migratory behavior was recorder in the presence of the inhibitor for 6 h. Data analysis was done by using the Manual Tracking and ChemoTaxis plugin for NIH ImageJ 1.46.
Cell adhesion assay
Cell adhesion assays were performed as described previously [43, 44] . In brief, 2.0 × 10 6 cells were seeded on pre-coated 24-well plates and incubated for 1 h. After incubation, non-attached cells were removed by carefully washing with PBS. Adherent cells were fixed with 4%PFA for 15 min and stained with 0.1% crystal violet in H 2 O for 1 h. After staining, cells were excessively washed with H 2 O and lysed into 100 μl 0.5% TritonX-100 solution. As a measure of adhered cells, the staining intensity of cell lysates was quantified on a photometer (OD 570) (TECAN, Crailsheim, Germany).
Live cell imaging and analysis of membrane dynamics
Live cell imaging of FERMT2 knockout or wildtype immortalized podocyte was performed after seeding and culturing on ibidi tread μ-dish (ibidi, Martinsried, Germany) for 12 h. Phase contrast imaging of untreated or 15 μM blebbistatin treated cells was done by using a Zeiss Cell Observer microscope equipped with a LCI Plan-Neofluoar 63 ×/1.3 objective and Tokai Heat Incubator (controlled heating and CO 2 atmosphere). For analysis of LifeAct-RFP or GFP-FERMT2 expressing podocytes, cells were transfected with the respective plasmids 24 h before seeding on ibidi dishes. The Multi-Kymograph tool of the FIJI-ImageJ 1.51 software was used to analyze cell membrane and cortex dynamics.
Expression of plasmids in cultured podocytes
Full-length human FERMT2 and FERMT3 plasmid vectors were obtained from the BIOSS toolbox (Centre for Biological Signalling Studies, Freiburg, Germany), followed by subcloning into Flag-tagged or EGFP-tagged expression vectors. Point mutations were introduced into the FERMT2 coding sequence using the QuikChange Site-Directed Mutagenesis Kit (Agilent, USA), for the actin binding site LK 47 /AA, ILK binding site L 353 L 357 /AA and ITGB binding site QW 615 / AA [30, 45, 46] . FERMT2 protein truncations were generated by specific design of truncating primers and subcloning of FERMT2 plasmids using these primers. For expression studies, 3 μg expression vectors were transfected into human immortalized podocytes via electroporation (Amaxa Nucleofector system, Lonza, Germany). Transfected cells were cultured for 36-48 h prior to experimental analysis.
Analysis of active RhoA and Rac1 levels
Cells were cultured in RPMI-1640 medium containing 1% FCS for 72 h before harvest. After serum starvation, cells were lysed in ice-cold lysis buffer and snap frozen in liquid nitrogen. Lysates were equalized due to protein content and activity of RhoA and Rac1 were measured using RhoA and Rac1,2,3 G-LISA activation assay kits (BK125, Cytoskeleton, USA).
Proteomic analysis
Label free MS-analysis of immortalized human podocytes was performed to define the proteome composition of cultured podocytes (see also Dataset S1). In 2 replicates 1925 proteins were detected and ranked according to their MS intensity score. Proteins were defined as enriched by a MS intensity score N 75% of the whole proteome. Annotation of GO-Terms, literature curated and proteomics based datasets was done to define the focal adhesome and cortical cytoskeleton of cultured human podocytes. These subgroups were analyzed for protein domain enrichment by using the DAVID (version 6.8) database [47] . A protein-protein interaction network of the podocyte focal adhesome and cortical cytoskeleton was created using the Cytoscape (version 3.5) software and by integration of the BioGrid database [48, 49] .
SILAC labeling and quantitative MS analysis of FERMT2 knockout and wildtype podocytes was performed as previously described (see also Dataset S2) [49, 50] . Podocyte focal adhesome and cortical cytoskeleton proteins were identified by annotation of the initial defined list of podocyte expressed focal adhesome and cortical cytoskeleton proteins. Proteins with a log2 ratio knockout to wildtype b − 0.5 in at least 1 replicate were defined as significant reduced in FERMT2 KO podocytes. The DAVID (version 6.8) database was used for GO-term enrichment analysis of these significantly reduced proteins (compared to all detected proteins). Heat maps were created using the GraphPad Prism software.
Statistics and reproducibility
All data were expressed as mean ± SEM. Paired Student's t-test or one-way ANOVA (multiple comparison analysis with Tukey's post hoc test) were used based on data distribution. Statistical significance was defined as *p b .05, **p b .01, ***p b .001 and ****p b .0001, n.s. -not significant. Number of independent experiments and total amount of analyzed cells are stated in the figure legends.
Supplementary data to this article can be found online at https://doi.org/10.1016/j.matbio.2018.01. 003.
